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Molecular Diversity of Bacteroidales in Fecal and Environmental
Samples and Swine-Associated Subpopulations
Regina Lamendella,a,b* Kent C. Li,b Daniel Oerther,a* Jorge W. Santo Domingoc
University of Cincinnati, Department of Civil and Environmental Engineering, Cincinnati, Ohio, USAa; Lawrence Berkeley National Laboratory, Earth Sciences Division,
Ecology Department, Berkeley, California, USAb; National Risk Management Research Laboratory, Environmental Protection Agency, Cincinnati, Ohio, USAc
Several swine-specific microbial source tracking methods are based on PCR assays targeting Bacteroidales 16S rRNA gene se-
quences. The limited application of these assays can be explained by the poor understanding of their molecular diversity in fecal
sources and environmental waters. In order to address this, we studied the diversity of 9,340 partial (>600 bp in length) Bacte-
roidales 16S rRNA gene sequences from 13 fecal sources and nine feces-contaminated watersheds. The compositions of major
Bacteroidales populations were analyzed to determine which host and environmental sequences were contributing to each
group. This information allowed us to identify populations which were both exclusive to swine fecal sources and detected in
swine-contaminated waters. Phylogenetic and diversity analyses revealed that some markers previously believed to be highly
specific to swine populations are shared by multiple hosts, potentially explaining the cross-amplification signals obtained with
nontargeted hosts. These data suggest that while many Bacteroidales populations are cosmopolitan, others exhibit a preferential
host distribution and may be able to survive different environmental conditions. This study further demonstrates the impor-
tance of elucidating the diversity patterns of targeted bacterial groups to develop more inclusive fecal source tracking
applications.
Microbial source tracking (MST) is a rapidly evolving area inapplied microbiology that focuses on identifying the
source(s) of fecal contamination impacting environmental waters
(1). Dozens of MST assays have been proposed, but many recent
field applications have focused on using PCR-based assays target-
ing Bacteroidales 16S rRNA gene sequences (2–4). As a group,
Bacteroidales are diverse and numerically abundant within the an-
imal distal gut and other human cavities (5). From a fecal pollu-
tion standpoint, some Bacteroidales populations have been sug-
gested to exhibit a preferential host distribution (6–8), explaining
why multiple methods have targeted this bacterial group. How-
ever, only a limited number of Bacteroidales-based methods have
been successfully used in field applications, in part explained by
the fact that most methods only partially comply with crucial cri-
teria for source identification, such as host specificity, host distri-
bution, and the temporal and geographic stability of the genetic
markers (2, 9). Indeed, assays originally proposed to be specific to
some of the most relevant fecal pollution source types, such as
human, cattle, and swine, cross amplify with nonspecific targets in
studies using a greater number of fecal specimens or feces col-
lected from different geographic locations (8, 10, 11). Other prob-
lems relate to the development of assays based on sequences de-
rived directly from human and animal fecal samples and not from
fecal sources that are commonly present in the environment. For
example, fecal sources such as manure pits and waste lagoons are
often responsible for animal fecal loadings. In the case of human
fecal sources, wastewater treatment plants and septic tanks are the
most important contributors of human fecal pollution. Addition-
ally, there is limited information available on the survival rates of
fecal populations in impacted waters, a problem that is difficult to
address, as current host-specific markers are likely to target mul-
tiple populations, some of which are associated with different sur-
vival rates. There is also the significant challenge of discriminating
between fecal bacterial indicator strains (i.e., Escherichia coli and
enterococci) associated with recent contamination events and
those adapted to secondary habitats (12, 13).
While human sources are considered to carry higher public
health risks (14), sources of fecal pollution from domesticated
animals are a significant detriment to water quality and impose
risks to human health and aquatic ecosystems. A recent study
indicated that current farming practices are responsible for 70% of
the pollution in U.S. rivers and streams (15). In particular, animal
manure has been identified as a large contributor to water pollu-
tion due to its overabundance (16). The U.S. Environmental Pro-
tection Agency (USEPA) estimates that the volume of manure
from confined animal feeding operations (CAFOs) is three times
our nation’s volume of human fecal waste (17). Specifically, the
concentration of swine farming operations has increased signifi-
cantly over the past 4 decades, resulting in the production of large
amounts of more concentrated waste products. Not surprisingly,
the swine industry worldwide has become an increasing environ-
mental concern, due to microbial pollutants from these opera-
tions potentially impacting nearby water bodies through runoff or
accidental spillage or groundwater contamination by infiltration.
The marked increase in the amount of swine waste produced per
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farming operation has raised concerns about swine waste storage
and treatment processes. For example, the Environmental Integ-
rity Project documented 329 manure spills in Iowa between 1992
and 2002, due to failure or overflow of manure storages, uncon-
trolled runoff from open feedlots, improper manure application
on cropland, deliberate pumping of manure onto the ground, and
intentional breeches in storage lagoons (18). When introduced
into water, swine fecal waste can present risks to human health
because this waste can harbor a variety of human pathogens (Esch-
erichia coli O157:H7, Citrobacter freundii, Enterocytozoon bieneusi)
and thus represents an important reservoir for zoonotic patho-
gens (19–21). Swine waste also can contain high concentrations of
residual antibiotics (22), nutrients (23), and heavy metals (24).
Clearly, control of swine waste from entering waters used for rec-
reation, fishing, and public water supplies is relevant to assist in
meeting water quality standards assigned to protect environmen-
tal and human health. If the origin of fecal pollution can be cor-
rectly and rapidly identified, best management practices and re-
mediation efforts (such as improvement of waste storage
structures, timing of processed fecal waste application in agricul-
tural fields, changing of the pasture management approach, and
addition of fences and runoff control structures) could be intro-
duced in a timely and cost-effective manner.
Regardless of the targeted gene, with a few exceptions (25),
most of the currently available PCR-based host-specific assays
have been designed by comparing a relatively small number of
sequences closely related to the bacterial taxa in question. Even for
those targeting the 16S rRNA gene, development of host-specific
assays has been conducted with less than a hundred sequences,
although in some cases fingerprinting methods have been com-
bined to screen for differences between fecal microbial communi-
ties (6, 19). In the case of swine assays, pig fecal sequences used for
primer development were derived from specific local geographic
areas. For example, Dick et al. (6) designed a pig-specific assay
based on a host-specific phylogenetic clade containing less than 10
sequences from one pooled fecal sample collected in Oregon,
while Okabe et al. (26) developed an assay that targeted two small
Prevotella pig-specific clades, each containing a small number of
sequences derived from two Japanese pig farms. Similarly, cattle,
dog, horse, and wildlife Bacteroidetes assays have been based on
small sequencing databases. Given the vast diversity of Bacteroi-
dales populations, additional sequencing seems necessary in order
to resolve the level of specificity of these 16S rRNA gene-based
assays.
Unfortunately, the membership of Bacteroidales harbored
within different animal types and environmental systems is still
poorly characterized. In order to design comprehensive assays for
accurately quantifying contributions of fecal pollution from dif-
ferent hosts, it is necessary to first characterize the diversity and
distribution of targeted populations and their relative abundances
in both fecal and environmental matrices. Thus, evaluating the
community structure, membership, and abundance of Bacteroi-
dales from geographically diverse host feces and environmental
fecal sources can be used to reveal previously unknown host-spe-
cific populations. This information is also necessary to estimate
their relative abundance in various hosts and to identify popula-
tions relevant to environmental fecal pollution. This study fo-
cused on evaluating the molecular diversity and distribution of
Bacteroidales populations derived from several swine and non-
swine fecal sources and polluted environmental water samples, as
an approach to identify signature sequences specific to swine fecal
sources that can be used to detect swine-fecal impacts in environ-
mental waters.
MATERIALS AND METHODS
Sequences for diversity and bioinformatics analyses were obtained from
the ARB-Silva database and from clone libraries generated in the EPA-JSD
laboratory using Bacteroidales-specific primers (Table 1). Sequences from
the ARB-Silva database were selected on the basis of the following criteria:
organism name Bacteroidetes, sequence quality of 95%, sequence length
of 600 bp, and pintail quality of 90%. Approximately 70% (6,413
sequences) of the total sequences used in the analyses were generated in
our laboratory. The sequences were generated from different samples:
animal feces, manure pits, waste lagoons, septic tanks, wastewater, sedi-
ment, soil to which manure had been applied, and groundwater and sur-
face water (Table 1). For most animal sources, several samples (i.e., 3 to 18
individual samples) were used to generate individual clone libraries. In a
few libraries, DNA extracts from multiple samples were pooled in
equimolar amounts to generate clone libraries. Sequences generated were
then pooled for the diversity analyses following steps described elsewhere
(8, 11). The samples were collected aseptically with sterile spatulas, trans-
ferred into sterile tubes, transported to the laboratory within 6 h of col-
lection, and stored at 80°C until further processing. The primary goal
was to include in the analysis as many different animal types and environ-
mental sources as possible to check for host specificity, with emphasis on
hosts and environmental sources considered important in the pollution of
surface waters in the United States.
DNA extraction, PCR assays, cloning, and sequence analyses. Fecal
and environmental DNA extractions were performed as previously de-
scribed (11). In all cases, a general Bacteroidales 16S rRNA gene PCR assay
(Bac32f/Bac708r) was used to amplify Bacteroidales from samples using
the conditions previously described by Bernhard and Field (27), with the
exception that a different DNA polymerase and thermal cycler were used
to generate PCR products. Briefly, PCR assays were conducted using the
following conditions: 94°C for 5 min, followed by 30 cycles of 94°C for 20
s, 55°C for 20 s, and 72°C for 30 s and a final extension step consisting of
72°C for 5 min. Fecal and water sample DNA template concentrations
used in the PCR assays were adjusted on the basis of published detection
limits (27). Final PCR solutions (25-l total volume) contained 2.5 l of
TaKaRa Ex Taq 10 buffer (20 mM Mg2), 2 l of deoxynucleoside
triphosphate mixture (2.5 mM each), 1 l of 25% acetamide, 17.5 l of
ultrapure water, 12.5 pmol of each forward and reverse primer, and 0.625
U of Ex Taq DNA polymerase (TaKaRa Mirus Bio, Madison, WI). Reac-
tions were conducted on a DNA Engine 2 Tetrad thermal cycler (Bio-Rad
Laboratories, Inc., Hercules, CA). Amplification products were visualized
using 1% agarose gels and GelStar nucleic acid stain (Cambrex BioScience,
East Rutherford, NJ). Cloning was performed using the pCR4.1 TOPO
vector as previously described (8). Clones were submitted to Cincinnati
Children’s Medical Hospital DNA Core Facility (Cincinnati, OH) for se-
quencing using BigDye sequencing chemistry (Applied Biosystems, Foster
City, CA) and an Applied Biosystems Prism 3730XL DNA analyzer.
Sequence quality and phylogeny. Sequences were manually verified
and cleaned using Sequencher software (Gene Codes, Ann Arbor, MI).
Sequences were sent to the Greengenes online pipeline (28) for alignment
using the Nearest Alignment Space Termination (NAST) alignment tool
and subsequently checked for chimeras using Bellerophon (version 3)
software (29). Chimeras and putative chimeras were not included in fur-
ther analyses. Nonchimeric sequences were submitted to Greengenes for
alignment using the NAST algorithm (28, 30). Sequences were also sub-
mitted to BLAST homology search algorithms to assess sequence similar-
ity to sequences in the Greengenes database (28, 31). The distance matrix
and phylogenetic tree were generated using ARB software (32). Trees were
inferred from 650 sequence positions using neighbor joining (using a
Kimura correction) and maximum parsimony (using the Phylip
DNAPARS tool) (32). To statistically evaluate branching confidence,
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bootstrap values were obtained from a consensus of 100 parsimonious
trees using MEGA software (http://www.megasoftware.net). A Werenella
sp. 16S rRNA gene sequence (GenBank accession number AJ234059) was
used as the outgroup, while cultured Bacteroidales species were included
in the analyses as points of reference.
Taxonomic assignment, diversity, and statistical analysis. Molecu-
lar diversity analyses and assemblage comparison of clone libraries were
performed using the QIIME (Quantitative Insights into Microbial Ecol-
ogy) pipeline (33). Briefly, the16S rRNA gene sequences were clustered
with uclust and assigned to operational taxonomic units (OTUs) with
97% similarity. Consensus sequences from each OTU were assigned a
Greengenes taxonomy. As the number of sequence reads in each sample
varied, the OTU table was rarified using 50 iterations prior to alpha-
diversity calculations. The subsampled OTU tables were then used to
calculate the observed number of OTUs and the abundance-based cover-
age estimate (ACE), Chao1, Dominance, and Heip evenness metrics. The
OTU file containing the relative abundance of each OTU in each sample
was used to construct a heat map, where species were clustered using the
unweighted-pair group method using average linkages (UPGMA) cluster-
ing algorithm. Multivariate community analysis was performed within
PCORD (version 5) software (34) using normalized OTU tables generated
in QIIME. Nonmetric multidimensional scaling plots were calculated us-
ing the Sorensen distance measure. The Bray-Curtis distance measure was
used to create the distance matrix. Nonmetric multidimensional scaling
(nMDS) was created in PCORD (version 5) using the slow-and-thorough
setting with 500 iterations, 0.0000001 instability, and 250 randomized
runs. The best solution for each dimension was selected to create the
lowest final stress. The OTU heat map was generated within QIIME,
OTUs were clustered using the UPGMA hierarchical clustering algorithm,
and abundance data were log transformed. QIIME was also used for net-
work-based analysis to display OTU partitioning between samples. Sam-
ple nodes were clustered on the basis of the number of OTUs shared
between the samples and weighted according to the number of sequences
in that OTU. OTUs and samples were clustered using the spring-embed-
ded algorithm implemented in Cytoscape (version 2.8).
Hypothesis testing comparing the Bacteroidales assemblages was per-
formed using the mothur program (35). Briefly, the Yue and Clayton
measure of similarity between the structures of any two Bacteroidales as-
semblages (OTU distance  0.03) was used to generate pairwise similar-
ities. The statistical significance of these pairwise similarities was tested
using the libshuff method with 10,000 randomizations (35). This test
describes whether two or more communities have the same structure
using the Cramer-von Mises test statistic. The significance of the test sta-
tistic indicates the probability that the communities have the same struc-
ture by chance. Since each pairwise comparison requires two significance
tests, a Bonferroni correction for multiple comparisons was applied. The
experiment-wide false detection rate was 0.05, and thus, values less than
0.025 were considered statistically significant. If either of the pairwise
significance values is statistically significant, one can conclude that the two
communities are significantly different.
Nucleotide sequence accession numbers. Representative sequences
generated in this study have been deposited in the GenBank database
under accession numbers KC300359 to KC304787.
RESULTS AND DISCUSSION
Diversity of Bacteroidales 16S rRNA gene sequences. A total of
9,340 nonchimeric Bacteroidales sequences were retrieved from 13
different fecal sources and nine different fecally contaminated wa-
tersheds (Table 1). When the diversity of each of the Bacteroidales
libraries was assessed, the Chao1 and ACE indices revealed a high
diversity of most fecal and environmental Bacteroidales assem-
blages (Table 2). ACE and Chao1 diversity estimates showed that
the swine fecal and manure pit samples were the most diverse,
with very low dominance and high evenness (Table 2). Sequencing
several hundred Bacteroidales clones for many of the libraries did






Wastewater Water (influent and effluent) Human 1,245 (397)
Cattle feces Feces Cattle 1,216 (982)
Human feces Feces Human 844 (844)
Water, Canada Surface water Avian 765
Water, OH/IL, pig contaminated Surface water Swine 668
Water, MA Surface water Human, cattle 618
Pig lagoon Feces-water slurry Pig 582
Water, NY Surface water Unknown 560
Pig feces Feces Swine 409 (150)
Pig manure pit Feces Swine 377
Gull feces Feces Seagull 339 (339)
Water, TN Surface water Human, cattle, wildlife 332
Water, Singapore Surface water Swine, unknown 196
Water, SC Surface water Unknown 172
Groundwater, IL, pig contaminated Groundwater Swine 169
Water, NE Surface water Cattle 168
Horse feces Feces Horse 140 (101)
Chicken feces Feces Chicken 99 (99)
Sediment Sediment Cattle, unknown 88
Septic tank Feces-water slurry Human 83 (15)
Soil to which pig manure had been applied Soil Swine 79
Wild pig feces Feces Swine 71
Water, OH/IL, pig contaminated, PF163 marker Surface water Swine 67
Fish gut Luminal contents Fish 53
Total 9,340 (2,927)
a The number of sequences that were retrieved from the ARB-Silva database is indicated in parentheses.
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not saturate the diversity of this bacterial group, as 409 and 377
sequences were retrieved from pig feces and pig manure pits, re-
spectively, while covering only between 51 and 67% of the esti-
mated Bacteroidales diversity. The rarefaction curves of pig fecal
and manure pit samples are not approaching a horizontal asymp-
tote, indicating that the current sequencing effort had not satu-
rated diversity (Fig. 1). In contrast, the Bacteroidales diversity ob-
served from pig groundwater and pig lagoons was less (Fig. 1 and
Table 2). For example, the Chao1 estimates were 28 and 82 Bacte-
roidales OTUs for these environments, respectively (Table 2). This
result suggests that environmental factors are playing an impor-
tant role in the structural dynamics of Bacteroidales and as a result
driving down the diversity of this bacterial group within these
environments.
nMDS of Bacteroidales assemblages revealed specific clustering
patterns among the fecal source and environmental samples (Fig.
2A to C). Pig fecal and manure pit samples clustered closely along
with soils to which pig manure had been applied, indicating that
these samples have a very similar Bacteroidales community struc-
ture. Interestingly, pig lagoon Bacteroidales clustered more closely
with water environments impacted by swine fecal pollution, sug-
gesting that a different Bacteroidales population structure exists
within swine lagoons than manure pits or feces. This finding has
important implications for source-tracking assay development, as
different swine waste management practices (i.e., manure pit ver-
sus lagoon) may result in different Bacteroidales assemblage struc-
tures. In such cases, multiple markers may in fact be necessary to
target these different fecal source populations. Moreover, Bacte-
roidales sequences from swine-impacted waters clustered more
closely with swine lagoon and other surface water environments,
suggesting that swine-fecal source Bacteroidales assemblages
transported into the environment may undergo another popula-
tion shift. Understanding the differential survivability of fecal
source-specific populations and their dynamics is critical for the
quantification of different fecal sources in environmental moni-
toring scenarios. Recent studies have indicated that human- and
bovine-specific Bacteroidales markers have differential survivabil-
ity under various environmental conditions (36, 37). Thus, study-
ing the molecular diversity of source-specific populations from
feces to processed fecal waste and, ultimately, transport of source-
specific bacteria into the environment seems necessary for discov-
ery of markers of these source-specific targets. As our study is
limited to samples collected in a limited number of geographic
locations, additional studies need to be conducted to determine if
the relationships among pig waste samples noted here are signifi-
cantly different when we increase the number of geographically
different samples.
While nonmetric multidimensional scaling demonstrated
clustering of swine fecal sources, Bacteroidales assemblages asso-
ciated with swine waste and contaminated waters exhibited several
differences as well. For example, hypothesis testing was used to
compare any two Bacteroidales assemblages, pig feces, pig manure
pit, pig lagoon, and soil to which pig manure had been applied,
and revealed significantly different structures among these swine
TABLE 2 Alpha-diversity metrics for fecal source and environmental samplesa
Sample ACE Chao1 Dominance Heip evenness No. of OTUs
Pig feces 345.34 303.55 0.020 0.28 182
Pig manure pit 480.68 438.79 0.030 0.26 185
Pig lagoon 81.76 82.15 0.060 0.22 83
Cattle feces 123.38 123.81 0.10 0.16 147
Gull feces 44.19 39.22 0.73 0.050 27
Human feces 72.27 76.30 0.070 0.21 91
Wastewater 224.58 202.86 0.050 0.21 285
Water, pig contaminated 332.86 314.81 0.030 0.26 262
Groundwater, pig contaminated 27.34 28.35 0.20 0.17 20
Water, MA 119.96 129.58 0.070 0.20 118
Water, NE 88.040 87.67 0.070 0.20 49
Water, NY 65.18 57.82 0.16 0.14 53
Water, TN 341.88 305.91 0.020 0.29 165
Water, Singapore 263.23 239.90 0.020 0.27 103
Water, SC 144.86 136.98 0.060 0.20 63
Water, CA 211.21 182.62 0.050 0.21 179
a ACE, Chao, dominance, and Heip evenness were calculated on rarified OTU tables at an equivalent depth of 160 sequences per sample. Samples having less than 150 sequences
were excluded from the alpha-diversity analysis.
FIG 1 Bacteroidales rarefaction curves for fecal and environmental libraries.
Rarefaction curves were generated only for samples having more than 150
sequences. Rarified OTU tables were generated using 50 iterations. Observed
OTUs were calculated for each rarified OTU table and averaged.
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samples (P  0.025) (see Table S1 in the supplemental material).
These results further demonstrate the need for MST approaches
which use a multiple-target/marker approach per source type to
cover differentiated host-specific populations. Bacteroidales com-
munity structures between swine and cattle feces and swine la-
goon and cattle feces were significantly different (see Table S1 in
the supplemental material), although these environments may
harbor similar Bacteroidales populations, as indicated by the
nMDS analysis, in which the cattle fecal sample clustered most
closely with swine samples (Fig. 2). The cosmopolitan nature of
some Bacteroidales populations (i.e., they are present in multiple
hosts) has previously been noted (11, 38), and finding truly host-
specific Bacteroidales populations may prove to be difficult, given
our poor understanding of the diversity and host distribution of
this bacterial group. The limited phylogenetic resolution of the
16S rRNA gene may further complicate targeting of these smaller
clusters of host-specific populations.
In order to better elucidate the distribution of Bacteroidales
populations within the different fecal source and environmental
samples, network analysis was performed (Fig. 3). This approach
allowed visualization of the OTU partitioning between samples
and clustering of the samples on the basis of the number of OTUs
shared between the samples. As a result, we were able to further
probe Bacteroidales diversity, revealing what may be ecologically
relevant patterns within fecal and environmental matrices. For
example, this analysis unveiled several OTUs that were shared by
multiple hosts/environmental sources, such as OTUs shared be-
tween a swine fecal source and cattle feces and between municipal
wastewater and swine lagoons. While many populations appeared
to have shared distributions within several fecal and environmen-
tal samples, this analysis also led to the discovery of swine-specific
populations that could also be identified in environmental sam-
ples known to be contaminated with swine feces (Fig. 3) and
OTUs shared exclusively by at least two swine-related samples. We
FIG 2 (A) nMDS of fecal source and environmental samples. The final stress for the nMDS displayed here was 6.466. Black dots, OTUs. (B and C) nMDS with
sample points scaled by the relative abundance of (B) OTU 960 and (C) OTU 1401. Black squares, samples containing none of these specific OTUs.
Lamendella et al.
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also identified OTUs that were shared exclusively by pig feces and
environments contaminated by swine fecal pollution, including
OTU 960 (Fig. 2B) and OTU 1401 (Fig. 2C). While the relative
abundance of these OTUs diminished from the fecal source to the
environmental samples, these OTUs were still detected in swine-
contaminated environments, suggesting that they could be prom-
ising targets for swine-specific fecal pollution.
Most (70%) of the swine-specific OTUs have high sequence
homology to known Prevotella species. Recent studies have also
reported a high abundance of Prevotella species in the swine gut
(39, 40). Although the physiological reasons explaining the prev-
alence of Prevotella over other Bacteroidetes is unknown, diet com-
position might play an important role (41). Altogether, these data
suggest that some specific Prevotella populations may share en-
demic or host-specific distributions with the swine host. Approx-
imately 10% of the swine-specific OTUs (i.e., 6 of 57) could not be
classified beyond the order-level taxonomy, highlighting poten-
tially novel Bacteroidales populations with swine-specific host dis-
tributions. Additionally, in most cases a high percentage of the
Bacteroidales OTUs were completely unique to a given library,
showing that sample representation may have a large impact on
the observed population structure and that further sequencing
studies from an even more diverse array of fecal and environmen-
tal samples is necessary for a comprehensive coverage of Bacteroi-
dales diversity (see Fig. S2 in the supplemental material).
In silico evaluation of currently available swine-targeted as-
says. Several swine-specific fecal markers that target the 16S rRNA
gene of Bacteroidales populations have recently been published (6,
26, 42). However, the host specificity and host distribution of
these targets have not been adequately assessed, and the utility of
these assays in identifying swine fecal contamination on a broad
geographic scale is largely unknown. A few recent studies have
assessed the utility of these markers in environmental-monitoring
scenarios, with generally poor results. For example, while 16S
rRNA gene-based assays targeting swine Bacteroidales populations
exhibit moderate levels of host specificity (i.e., 70 to 95% in animal
fecal samples), the occurrence of 16S rRNA genes in environmen-
tal samples downstream of suspected swine inputs was poor in
FIG 3 Network of OTUs from fecal source and environmental samples. Large nodes are samples (MP, pig manure pit; PS, soil to which pig manure had been
applied; WP, wild pig; PW, water from IL/OH, pig contaminated; PF, pig feces; PG, groundwater from IL, pig contaminated; P163, water, pig contaminated,
sequences amplified with pig-specific PF163 marker; PL, pig lagoon; WW, wastewater; H, human feces; S, septic tank; W/NE, water from NE; W/CA, water from
Canada; W/MA, water from MA; W/TN, water from TN; W/NY, water from NY; W/SC, water from SC; W/S, water from Singapore; Horse, horse feces; CH,
chicken feces; G, gull feces; F, fish gut; C, cattle; SED, sediment). Network-based analysis was used to display OTU partitioning between samples. Sample nodes
are clustered on the basis of the number of OTUs shared between the samples and are weighted according to the number of sequences in that OTU. OTUs and
samples were clustered using the spring-embedded algorithm implemented in Cytoscape. Red edges (i.e., lines) highlight connections shared by more than one
pig-related sample. Pink, green, yellow, and black OTU nodes, OTUs shared by 2, 3, 4, and 5 pig-related samples, respectively; OTU nodes colored the same as
each sample node, OTUs unique to that sample; gray nodes, OTUs shared by more than one type of host. A G test for independence was used to test whether
sample nodes are more connected within a group than expected by chance. Each pair of samples is classified according to whether its members shared at least one
OTU and whether they shared a category. Pairs were then tested for independence in these categories.
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studies conducted in Europe and the United States (11, 43). In a
study conducted in Japan, pig-specific Bacteroidales quantitative
PCR assays amplified DNA extracted from cattle feces (26). This
cross amplification can confound quantification of fecal loads
from various sources, limiting resolution of the relative contribu-
tion of fecal sources. While these environmental studies are im-
portant in evaluating the utility of swine-specific markers, they
offer no solution for improving the utility of these markers. Their
poor performance can be explained in part by the small size of the
swine fecal sequence libraries used to generate host-specific prim-
ers and the fact that some of the presumed host-specific popula-
tions are rather cosmopolitan in nature, which could not be as-
sessed unless sequence depth and sampling coverage were
significantly increased.
In order to evaluate currently available swine-specific markers,
in silico searches were performed using this large library of Bacte-
roidales sequences. In silico searches for currently available swine-
targeted markers provided evidence for their lack of host specific-
ity and environmental detection (see Table S2 in the supplemental
material). Specifically, the Bac1f/Bac1r primer set (26) matches
sequences from several nonspecific fecal sources, including hu-
man, cattle, and wildlife sequences (see Table S2 in the supple-
mental material). Moreover, while the Bac2f/Bac2R markers
showed high host specificity, they hit only two sequences derived
from swine fecal waste-impacted waters, which might explain
their poor performance against environmental water samples.
The PF163 marker (6) hybridized to a few nonswine fecal sources
but also matched several sequences derived from swine-contami-
nated waters, which may explain why assays with this marker have
been projected to work better than other assays in different envi-
ronmental-monitoring scenarios (11). However, the latter marker
has shown both in silico and experimental host specificity prob-
lems. For example, sequence analyses using the mothur and
QIIME pipelines revealed sequences shared by different hosts, in-
cluding sequences that the Bac1, PF163, and Bac2 markers anneal
to. The fact that these sequences fall within OTUs shared by mul-
tiple host types suggests that these markers target cosmopolitan
Bacteroidales populations and therefore are not truly host specific.
On the other hand, sequences unique to swine fecal sources and
environments known to be impacted by swine feces were retrieved
(see Table S3 in the supplemental material). Thus, studying the
diversity patterns and phylogeny of Bacteroidales populations pro-
vided some evidence as to why the currently available markers are
performing poorly in watershed-based studies and helped us un-
cover novel host-specific targets for the environmental detection
of swine fecal pollution (see Fig. S1 in the supplemental material).
In conclusion, in this study we evaluated the molecular diver-
sity of Bacteroidales populations within fecal sources and environ-
mental matrices. Rarefaction curves indicated that additional se-
quencing targeting Bacteroidales members is needed to completely
describe the molecular diversity of this bacterial taxon associated
with most fecal sources and environmental samples. It is difficult
to determine the extent of the sequencing effort that is needed to
better estimate the diversity associated with different hosts, par-
ticularly when the sequencing effort does not completely capture
the diversity within one sample type and the sequences analyzed
do not account for differences in Bacteroidales temporal and spa-
tial diversity in either host type (e.g., swine versus human) or fecal
source type (swine feces versus swine waste lagoon). On the other
hand, the results demonstrated the importance of understanding
the distribution and occurrence of fecal source tracking targets
within feces, waste management processes, and environmental
waters. Our analysis revealed the identity of shared and swine-
specific Bacteroidales populations, which may prove useful for
source-specific assay development. It should be noted that iden-
tifying strictly host-specific populations that are shared among
different sources of the same fecal type (e.g., swine feces versus
waste lagoons) could be quite challenging, once the sequencing
depth is significantly increased. In such cases, methods will de-
pend on targeting populations that exhibit a preferential source
distribution rather than true host specificity. Alternatively, differ-
ent assays will be needed to detect fecal pollution when the sources
are likely to be from processed fecal waste, as it is the case for
poultry litter (44). Similarly, this study revealed a high diversity of
Bacteroidales populations within swine feces and processed swine
fecal waste, such as manure pits and waste lagoons, and uncovered
several distinct swine-specific populations, suggesting that multi-
ple targets are necessary for accurately assessing swine fecal pollu-
tion in watershed-based applications.
Future studies should focus on deeper sequencing efforts that
include studying molecular diversity from more geographically
diverse fecal sample sets, particularly from processed fecal waste,
as considerably less is known about these fecal sources, even
though manure is often used as fertilizer in farming operations. In
our opinion, knowing the diversity of different Bacteroidales pop-
ulations and other bacterial targets from different fecal source
types will lead to a comprehensive understanding of their distri-
bution in the environment and their true utility in fecal source
tracking studies. Next-generation sequencing technologies will be
useful on these efforts, as bar-coding approaches can increase the
number of samples tested in a more in-depth, economical, and
less time-consuming fashion (45, 46). However, conventional
cloning and sequencing approaches will continue to be relevant,
in light of the high sequencing error rates from next-generation
technologies (47) and due to the need for generating databases
composed of nucleic acid fragments 600 bp in length. As other
bacterial groups are emerging as potential targets for human and
animal fecal sources (25, 48), molecular surveys and diversity
analyses will be needed to further validate their value within the
MST toolbox.
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